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Importance of the microbial food web in large lakes (USA) 

Hunter J. Carrick, Aneal Padmanabha, Laurie Weaver, Gary L. Fahnenstiel 
and Charles R. Goldman 

Introduction 

The traditional view of food web structure catego
rizes all organisms within an ecosystem into one of 
several feeding guilds (i.e. primary producers, 
decomposers, herbivores, and consumers), where 
energy is transferred from one guild to the next (LIN
DFMAN I 942). The biomass of these guilds decreases 
geometrically with successive trophic levels ro form a 
pyramid, with a large biomass of plants at the base 
(EI TON 1927). Metabolic inefficiencies, such as 
excretion and sloppy feeding, produce significant 
losses ar each trophic level, with the greatest loss at 
rhe highest trophic level (RICH & WETZFL 1978). 

Deviations from this paradigm have been 
described for planktonic communities in the ocean, 
where the biomass of heterorrophic organisms can 
rival phytoplankton, rhus indicating a tight coupling 
between plants and animals (e.g. OouM 1971). 
However, our view of food web structure in aquatic 
ecosystems is being further revised based upon the 
knowledge that small heterotrophic organisms are 
more quantitatively important than previously 
thought (AZAM et al. 1983). Recent technological 
advances now allow more accurate censusing of nat
ural microbial populations, as well as measurement 
of their high rates of metabolic activity (KEMP ct al. 
1993). Furthermore, large concentrations of non-liv
ing pools of organic carbon and detritus are com
mon features of aquatic ecosystems, and appear to be 
responsible for fueling a portion of this high micro
bial metabolic activity (e.g. DucKLOW 1994). In this 
way, organic wastes produced at all levels of the food 
chain arc available to support significant levels of 
heterotrophic production, that can often rival rates 
of primary production (e.g. SCAVIA 1988). 

Despite this, comprehensive measures of het
erotrophic plankton are scarce, thus making it diffi
cult to draw inferences about their relative contribu
tion to planktonic food web structure. Herein we 
present information about the planktonic food web 
structure in four large lakes in the United Stares. 
Our objectives are: (I) to estimate the biomass of 
heterotrophic pico-, nano-, and microplankton 

among lakes using rigorous microscopic enumera
tion techniques; (2) tO measure the variation in 
microheterotrophic biomass through rime (season) 
and space (depth); and (3) to put forth a hypothesis 
concerning the role of microheterotrophs in the 
plankton of large lake ecosystems. Our findings indi
cate that the biomass of microheterotrophic plank
ron was large in all the lakes we studied, with Hpico 
(bacteria) representing the largest fraction of het
erotrophic biomass and exhibiting the least variance 
in rime and space. 

Materials and methods 

Lak~ sampling 
A total of four large lake ecosystems from two major 
geographic regions in the United States of America 
(temperate and subalpine) were sampled during the 
1987-1996 period. All samples were taken at a rep
resentative offshore station in each lake. In the St. 
Lawrence chain of Grear Lakes, Lakes Huron and 
Michigan were sampled monthly during December 
1986-November 1987. The subalpine lakes, Crater 
Lake (Oregon) and Lake Tahoe (Califor
nia-Nevada), were sampled on 25 July and l August 
in 1996, respectively. 

On each sampling date, water column tempera
ture and light profiles were measured with either an 
electronic bathythermograph or Seabird SBE-19 
CTD. All water samples were collected using opaque 
5-L Niskin bottles from the surface depths (5 m) 
during isothermal mixing periods and at 6-10 m 
depths during thermal stratification. Chlorophyll a 
concentrations were determined fluorometrically on 
extracted samples (STRICKlAND & PARSOI'\S 1972). 
Duplicate subsamples were transferred into 250-mL 
amber bottles and preserved with glutaraldehyde and 
Lugol's solution for subsequent microscopic analyses 
(both I% final cone.). 

Microscopic analysis of th~ microplankton com
munity 
The biomass and composition of microheterorrophic 
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plankton collected from each lake was measured 
using a combination of light and epifluorescence 
microscopy (Boom 1993, CARRICK & ScHFt SKF 
1997). Picoplankton (cells 0.2-2 pm in size) and 
nanoplankron (cells 2-20 pm in size) were enumer
ated using epifluorescence analysis of glutaraldehyde 
preserved samples (stored cold ar 5 °C). Microplank
ton (cells 20- 200 pm in si1-e) were enumerated using 
inverted light microscopy of the Lugol's preserved 
samples. 

Pico- and nanoplankton abundance and composi
tion were determined using epifluorescence micro 
scopic analysis of prepared slides (C.-\ROS 1983). 
Duplicate slides were prepared from each water sam
ple within I day of collection (stored at -20 oc). 
Heterotrophic picoplankton (llpico, bacteria) slides 
were prepared by concentrating I mL onto darkened 
filters (0.2-pm Nuclepore) subsequently stained with 
Acridine Orange (HoBBI~ ct al. 1977). Phototrophic 
picoplankton (Ppico, eukaryotic algae and cyanobac
teria) slides were prepared by concentrating I 0-20 
mL onto darkened 0.2-pm filters (FAH>;E:-JSIII:.l & 
CARRICK 1992). Both heterotrophic and pho
totrophic nanoplankcon (Hnano and Pnano) were 
enumerated from slides prepared by filtering 20 50 
mL onro darkened filters (0.8-pm Nuclepore) subse
quendy stained with primulin (CARON 1983). All 
slides were enumerated within I week co minimize 
the fading of autOfluorescence using a research 
microscope (IOOOx) equipped for autofluorescence 
(450 -490 nm excitation and >515 nm emission), 
and primulin analysis (320- 380 nm excitation and 
>420 nm emission). All species encountered were 
identified to their lowest taxonomic category accord
ing to the phylogeny oudincd by LEE et al. (1985). 

lleterotrophic microplanktOn abundance and 
composition (Hmicro, ciliates; Oino, dinoflagellates) 
were determined using the Utermohl technique 
(UIHtMOHL 1958). Aliquot~ (25-100 mL) were ser 
tied onro coverslips, and the entire area of the cover
slip was systematically scanned with an inverted 
microscope (200X) to avoid counting biases induced 

by edge-effects. Organisms were identified to the 
genus level (LFF et al. 1985); conspecific taxa were 
delineated by size. 

The cell dimensions of all plankton taxa were 
determined by making microscopic measurementS of 
I 0 individuals randomly (400-I,OOOX magnifica
tion). Average dimensions were then applied to the 
geometric configuration which besr approximated 
the shape of each taxon. Cell volumes were calcu
lated and subscquendy converted to carbon using 
the following facrors: 0.38 pg C pm' for II pi co and 
Ppico (VFRilY et al. 1992), an empirical biovol
ume-carbon rc:lationship for Hnano and Pnano 
(VFRJlY er al. 1992), and a 0.279 weHo-dry weight 
conversion for Hmicro and Dinoflagellares (GATES 
1984). 

Results 

Ambient conditiom 
In terms of our comparison among these four 
lakes (Table 1), Crater Lake had the smallest 
surface area (300 km1

) and the greatest maxi
mum depth (589 m), while Lake Huron was 
the largest (>59,000 km2

) and most shallow 
(depth 229 m). Perhaps not surprisingly, the 
Grear Lakes were similar in terms of rheir mor
phometric amibures, having larger, shallow 
basins as a result of glacial scouring, compared 
with the subalpine Crater L'lke and Lake 
Tahoe, which had smaller, deeper basins formed 
by volcanic and tectonic processes at relatively 
high elevations (T IoRNr. & GoLDMAN 1994). 

There were apparenc differences among the 
four lakes in terms of their relative productivity 
and water quality conditions (Table I). Water 
column chlorophyll concentrations were high
est in Lakes Michigan and l luron (range 
0.3-3.7 pg L '), followed by Lake Tahoe 

Table I. Summary of physical characteristics for large lakes in the USA. 

Physical characteristics 

Lake type Depth Surface area Elevation Phoric depth 
(m) (km0

) (m) (m) 

Subalpine 

Lake 'lahoe 501 500 1,899 50 

Crater Lake 589 300 1,882 100 

Temperate 

Lake Michigan 282 57.750 177 31 

L"lke Huron 229 59.500 177 33 
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(0.1-1.5 ~tg L '), while Crater Lake had 
extremely low chlorophyll levels (0.03-0.5 flg 
L-'). On the contrary, photic zone depth during 
mid-summer was 100 m in Crater Lake, 50 m 
in Lake Tahoe, and was most shallow in the two 
temperate Great Lakes at 31-33 m. 

Temporal variation of microheterotrophs in the St. 
Lawrence Great Lakes 
Total microheterotrophs biomass (MH, sum of 
Hpico, Hnano, and Hmicro) was substantial 
throughout the year in both Lakes Huron (aver
age 84.0 flg C L-') and Michigan (68.1 flg C 
L-1

). In Lake Huron, Hpico carbon was uni
form in distribution throughout the year (Fig. 
1), ranging from 29 to 37 flg C V (coefficient 
of variation, CV = 14%). Hnano values were 
variable in occurrence (CV = 41%), being low 
in the winter (3 J.Lg C L 1 

), and increasing ro 
levels in the range 12-17 flg C L-' for most of 
the year with a peak in August (23 flg C L-1

). 

H micro values were the most variable in their 
occurrence (range 5-67 flg C L 1

), exhibiting 
biomass peaks in May and August, and again in 
October (CV = 59%). 

In Lake Michigan, Hpico carbon values var
ied two-fold over the year (range 15-38 flg C 
L 1

) reaching peak levels in the July-August 
period (Fig. 1); Hpico experienced less seasonal 
variance compared with other MH (CV = 
39%). Hnano were variable in occurrence (CV 
= 75%), being low in the wimer (3 jlg C L '), 
and increasing to levels in the range 8-16 flg C 
L 1 for most of the year with peak abundance 
also being achieved in the July-August period 
(30-40 flg C L 1

). Hmicro biomass was moder
ately variable through time (range 12-44 flg C 
L-'), and peaked during the April-May period 
(CV = 41%). 

Spatial variation of microheterotrophs with water 
depth 
Total MH biomass varied with depth, such that 
peak levels were observed in the vicinity of the 
deep chlorophyll layer (DCL) in each of the 
three lakes (Fig. 2). Lake Michigan supported 
the greatest subsurface MH biomass followed 
by Lake Tahoe and Crater Lake (109, 30, and 

LakeHW'OD 

Lake Mlchlg&D 

Julian Day 

[J Hmicro 

0 Hnano 

• Hpico 

Fig. 1. Seasonal distribution of microheterotrophic 
(MH) biomass in rhe surface waters of Lakes Huron 
and Michigan (1987). 

17 flg C L ', respectively). Interestingly, the 
subsurface concentration of MH biomass in 
each lake shows a reasonable quantitative corre
spondence with the relative magnitude of DCL 
chlorophyll levels in each system (Michigan 
3.7, Tahoe 1.5, and Crater 0.5 flg L-'). 

MH composition also varied with depth in all 
lakes; however, Hpico became progressively 
more important with increasing oligotrophy 
(Fig. 2). Overall, Hpico showed the least varia
tion in biomass with depth (range in CV 
28-36%) and their contribution increased from 
52% in Lake Michigan, ro 68% in Lake Tahoe 
and 88% in Crater Lake. Lake Michigan sup
ported a significant subsurface assemblage of 
Hnano and Hmicro that constituted 21 and 
27% of total MH biomass, respectively. Hnano 
were scarce in Lake Tahoe (<6%), while Hmi
cro represented 25% of MH biomass. In Crater 
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Fig. 2. Spatial distribution of microhcrerorrophic (MH) biomass with depth in the water column of Lakes 
Michigan and Tahoe, and Crater Lake. 

Lake, Hnano and Hmicro were scarce through
out the water column, making up 12% of MH 
biomass. 

Discussion 

TIJf largl' lakf environment 
The four lakes investigated here represenr some of 
the largest and deepest lakes in the world (H£RDE!\
l>ORI 1982). Lakes Huron and Michigan are ranked 
5th and 6th according to the HERDEXDORF (1982) 
ordination of lakes with the largest surface. Crater 
Lake and Lake Tahoe are ranked 8th and 11th 
among the lake~ with the deepest maximum depth. 

A trophic gradient was evident among these 
four lakes, although collectively they can be 
described as low productivity lakes with high 
water clarity. Crater Lake and Lake Tahoe can 
be characterized as ultraoligotrophic systems, 
while Lakes Huron and Michigan are consid
ered oligo- to mesotrophic (WETZEL 1983). In 
Crater Lake, water column chlorophyll concen
trations arc some of the lowest measured in any 
lake in the world, and associated light transpar
encies are also some of the deepest on record 
(HORN! & GmmlAN 1994). These chlorophyll 
and light transmission values are comparable tO 

those observed in the ultraoligotrophic open 
oceans (Wr.Y/1'1 1983). Lake Tahoe is most 
likely ultraoligotrophic to oligotrophic, with 

higher chlorophyll concentrations compared 
with Crater Lake. In addttion, studies by GOLD

MAN (1988) show that the photic zone in Lake 
Tahoe appears to be shrinking, as indicated by a 
decline in sccchi depth of 7 m over the past 20 
years; such changes appear tO be the result of 
anthropogenic influences within the lake's basin 
(e.g. land clearance, human wastes). Lakes 
Huron and Michigan support higher water col
umn chlorophyll concentrations and more shal
low secchi depths (8 20 m); these levels are 
indicative of mcsotrophic lake conditions (FAH
NENS JU.l er al. 1998). 

Variation in microbeterotrophic biomass in time 
and space 

T he factors rhat explain variation in the d istri
burion of microheterotrophs in aquatic ecosys
tems arc difficult to ascertain, perhaps as a 
result of the complex mix of top-down and bot
tom-up inreractions that influence these organ
isms. Thus, it is not surprising that the strength 
of rhe trophic coupling between bacteria and 
Hnano is not comistenr among ecosystems 
(GA.SOL & YAQUI'. 1993). However in Lake 
Michigan, I Ipico and Ppico abundances are 
kept in close check by Hnano grazing (SCAVIA 
& LAIRD 1987, f\11:-JFt'\~·IIELetal. 1991, respec
tively), and changes in Hnano biomass are cor-
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related with Hpico biomass (CARRICK & 
fAHNENSTIEL 1989). CARRICK (1990) was able to 
account for much of the temporal variation in 
Hnano and Hmicro abundance by balancing 
growth with grazing losses to mesozooplankton, 
suggesting that relatively tight coupling must 
exist berween MH and larger metazoa. 

The existence of subsurface microheterotroph 
maxima is not uncommon, and may be linked 
ro higher prey abundances at depth (BOOTH et 
al. 1993). Subsurface M H maxima have been 
typically observed in both fresh- and saltwater 
ecosystems with sufficient light penetration to 
support a DCL (e.g. WETZEL 1983), and these 
environments usually support very diverse and 
plentiful phototrophic assemblages (e.g. FAHN
ENSTIEL & SCAVJA 1987, CAMPBELL et aJ. 1994). 
In the lakes we studied, MH biomass was nearly 
rwo times higher in the vicinity of the DCL 
compared with surface biomass (ratio of 1.7 
deep:surface MH biomass). It seems likely that 
MH in these lakes are responding to changes in 
prey abundance, other than Hpico which were 
relatively constant with depth. More recent 
studies indicate that Hnano and Hmicro proba
bly graze on algae in addition to bacteria, and 
thus may not rely strictly on bacteria for food 
(GASOL & VAQUE 1993). 

Microbial food web structure m large lakes: a 
summary 
The biomass of MH in all four lakes was large 
and appears to represent a significant fraction of 
phytoplankton biomass in each of these ecosys
tems, suggesting that microheterotrophs are sig
nificant components of the pelagic food web. 
For instance, the range in MH biomass in the 
surface waters of Lakes Huron and Michigan 
(68-84 flg L 1

) is comparable to the range in 
phytoplankton carbon commonly observed 
throughout the year in Lake Michigan (50-100 
flg C L-', VAHNENSTIEL & $CAVIA 1987). This 
pattern has been observed in the World's oceans 
(e.g. BooTH et al. 1993), and suggests that in 
large retentive systems, a close match between 
phototrophic and heterotrophic biomass is 
probably common (GASOL eta!. 1997). 

Of the MH size classes we examined, Hpico 
(bacteria) constituted the greatest portion of 

MH biomass and the lowest amplitude of varia
tion along both temporal and spatial scales 
examined here. Similar distribution patterns 
have been observed in both freshwater and 
marine systems. For instance, CAMPBEU et al. 
(1994) measured nearly constant Hpico biom
ass with depth in the North Pacific Ocean that 
was comparable to phototrophic biomass. PICK 
& CARON (1987) found that Hpico were the 
most abundant MH throughout the year and 
with depth in Lake Ontario. A complete analy
sis of the summer planktonic food web in all 
five of the St. Lawrence Great Lakes revealed 
that Hpico constitute approximately 40-50% 
of the tOtal microheterotrophic biomass (FAHN
ENSTIEL et al. 1998). Hence, constancy in this 
relatively large pool of Hpico biomass may act 
as a stabilizing agent to ecosystems through the 
regeneration of nutrients and as a food source 
for a variety of heterotrophic organisms (RICH 
& WETZEL 1978, DUCKLOW 1994). 
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